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ABSTRACT 
The use of fish oils by aquaculture is the key impediment on the future growth and 
sustainability of the industry. Fish oil, the key provider of health-beneficial omega-3 
long-chain polyunsaturated fatty acids, fluctuates drastically in supply and cost, 
and is extracted unsustainably from world oceans. Resultantly, its persistent use has 
fueled a heated global debate and sparked a generation of research focus into pos-
sible means of reducing the aquaculture industry's dependence on this resource. This 
chapter introduces the subject of fish oil usage in aquaculture on a global basis, and 
briefly traces the history of related issues. Accordingly, the major fish species uti-
lized for fish meal and fish oil production are traced and the chemical and nutritional 
characteristics of fish oils of different origins are provided. The future expected 
availability of fish oil for aquaculture and the sustainability of the reduction industry 
are subsequently discussed. 
Keywords: aquaculture; fish oil; sustainability; ethics; politics. 
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2 Fish Oil Replacement and Alternative Lipid Sources in Aquaculture Feeds 
1.1 INTRODUCTION 
Throughout the history of human civilization~ with the transformation from a hunter-
gatherer phase to a farming phase~ seafood supplies have remained essentially 
the only hunting-based human food resource. However, over the last three to four 
decades this scenario has been gradually changing, being transformed into a more 
farming-dependent food supply, where it is estimated that cur:cently 50% of the food 
fish needs are met by aquaculture, with the expectation that this figure will reach up 
to 60-70% by the year 2030 (Subasinghe et al., 2009). 
Any farming system, regardless of whether it is taking place on land or in water, 
requires resource inputs, including the primary physical resources such as land and 
water, and many biological and managerial resource inputs to enable these to be 
viable and sustainable. Two of the key biological resource inputs that are needed for 
aquaculture development, particularly for the culture of carnivorous species, are fish 
meal and fish oil. Both, however, originate from a dwindling, traditional, capture-
based fishery resource, derived almost exclusively from the marine sector. 
Aquaculture is a tradition of many millennia, thought to have originated in 
China. However, it began to be recognized and have an impact as a major food 
production sector only three to four decades ago, when there was a realization that 
the resources exploited as a food source from the oceans are finite and exhaustible 
(Carson, 1962), and that the immediate human food fish needs, in the wake of an 
increasing population, cannot be met by this traditional source. It was in this era 
that aquaculture was recognized as the means for fulfilling the gap between sup-
ply and demand for food fish, at least partially. With this realization there was a 
global effort to bring about aquaculture expansion, and transform it from an art to 
a science, with the development of required technological advances. Such advances 
included artificial propagation of potential cultivable species or species groups, 
improvements in disease control and management, genetic improvement of cul-
tured stocks, improvement in feed development, introduction of modern manage-
ment skills, and so forth, with an overall aim of intensifying aquaculture practices 
and increasing production. 
1.2 PLACING THE FISH OIL ISSUE IN PERSPECTIVE IN 
RELATION TO AQUACULTURE DEVELOPMENT 
At the dawn of the new aquaculture era, there was an emphasis on the improve-
ment and intensification of cultured species feeding lower in the trophic chain. In 
this respect, the approach was to primarily increase the natural food production 
as feed, through fertilization of the culture environment and so on, and effectively 
use all naturally produced food through the adoption of polyculture systems where 
the available trophic niches were occupied with species of human food value. These 
developments, however, were unlikely to be adequate to meet the growing demands. 
Moreover, the demands for different fish species varied greatly, ultimately dictated 
by community culture, consumer preference, and the like. This was the phase when 
aquaculture developments also began to pursue the culture of carnivorous, relatively 
high-valued species, such as salmonids, as well as species groups that are desired 
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by most communities (i.e., shrimp). It is, however, ironic that even to date, food 
fish species that feed lower in the food chain predominate in global aquaculture, 
even though for numerous reasons in most quarters aquaculture is seen as a sector 
that is predominantly confined to a few high-valued commodities such as salmonids 
and shrimp (Tacon et al., 2010). To elaborate further, in 2006, global aquaculture 
produced an estimated 5l.7 million metric tons of fish and crustaceans (Food and 
Agriculture Organization [FAO], 2009a), of which ~20% (10.2 million metric tons) 
was derived from the culture of Chinese carp species (Tacon and Metian, 2008). In 
relative terms, Chinese carp production utilized 14.9% of global fish meal supplies 
and 5.5% of global fish oil supplies (FAO, 2009a). The production of salmon species, 
on the other hand (3% of global aquaculture production, l.5 million metric tons) 
(Tacon and Metian, 2008), utilized 19.5% and 51% of global fish meal and fish oil 
supplies, respectively (FAO, 2009a). 
With the growth in aquaculture of carnivorous and other consumer-desired spe-
cies, together with the overall intensification of practices, there was a major resource 
input needed in the form of feeds to sustain these practices. Additionally, the culture 
of carnivorous species meant that the feeds would have to be of relatively high pro-
tein content, together with the acceptance of the notion that the best protein source 
of such feeds was fish meal, which is easily digestible, contains the essential amino 
acids, enhances palatability, possibly contains unidentified growth-promoting fac-
tors, and lends itself to the commercial production of feeds of varying forms and 
classes. Furthermore, the use of fish meal in feeds for livestock was already well 
advanced (Tacon and Metian, 2009), and it was a case of transforming and adapting 
such technologies to suit the needs of the aquaculture sector, without the need for 
major research inputs in this regard-a situation that always appeals to the com-
mercial sector. 
With aquaculture development making major strides in the last few decades as a 
significant contributor to food fish needs, it is therefore not surprising that in 2006 
it was estimated that the aquaculture sector utilized 3,724,000 and 835,000 metric 
tons of fish meal and fish oil, approximating 68.2% and 88.5% of global production 
of these commodities, respectively (Tacon and Metian, 2008). This dependence on 
fish meal and fish oil is often considered by some as a wasteful use of a valuable 
primary resource (Naylor et al., 1998, 2000; Aldhous, 2004). It is important, how-
ever, to note that in the early phases of the surge in aquaculture development, only 
fish meal was cited as a potential limiting factor in the development of the sec-
tor (New, 1991; Wijkstrom and New, 1989). Indeed, fish oil came into prominence 
only in the last decade, with the development of high-lipid extruded salmonid feeds 
and, to a lesser extent, when the importance of long-chain polyunsaturated fatty 
acids (LC-PUFA), such as EPA (eicosapentaenoic acid, 20:5n-3) and DHA (docosa-
hexaenoic acid, 22:6n-3) among others, in human nutrition and general well-being 
came to the forefront (de Deckere et al., 1998; Horrocks and Yeo, 1999). The latter 
was coupled with the recognition that marine fish represent the optimal source of the 
aforementioned fatty acids, and the (perhaps rather na'ive) indirect notion and expec-
tation that all aquaculture produce should conform to these expectations. Ironically, 
this is an unlikely scenario. For instance, when modern consumers purchase poultry 
and/or red meat, they do not do so to satisfy all the more desired nutritional needs. In 
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the same manner, the aquaculture sector, which currently produces as many as 300 
food fish (seafood) varieties, could not be expected to deliver all the desired nutri-
tional benefits in each and everyone of the species that it cultures. 
However, twenty-first-century Western societies are generally characterized by 
a gross imbalance in the n-6 to n-3 PUFA ratio-the result of an uneducated, con-
venient dietary consumption of terrestrially derived n-6 PUFA abundant in heavily 
processed modern diets. As such, there is a drive for an increase in the consumption 
ofn-3 LC-PUFA to combat the host of human pathologies reportedly stemming from 
this imbalance. Herein lies Western aquaculture's greatest problem-feeding the 
masses of Western consumers who have a preference to consume high-quality, high-
trophic-level, n-3 LC-PUFA-rich species. The question is, however, with a clear limit 
to the sourcing of marine-based lipid sources, where will the required n-3 LC-PUFA 
come from? 
The remaining sections attempt to detail the above perspectives and to evaluate the 
role of fish oil per se in aquaculture, with reference to resource availability and usage. 
1.3 WORLD FISHERY RESOURCES 
The state of the world fishery resources, which provide the raw material for fish meal 
and fish oil production, has been a bone of contention in many quarters. It is now 
well established that world capture fisheries production will hover around 100 mil-
lion metric tons per year (FAO, 2009a), and that only about 20% of marine fish 
stocks currently remain underexploited and/or moderately exploited, a decrease of 
20% from 1974 (FAO, 2009a). Any increase of capture fisheries in the ensuing years 
will have to come from the development of inland fisheries, a resource that is barely 
used in the reduction industry, except in small quantities to meet specific purposes, 
such as in the Mekong Delta, Vietnam, where on average -7,500 metric tons of fish 
meal is produced each year from locally sourced trash fish, or low-value fish species 
(De Silva, 2008). 
World capture fisheries production has remained static since the 1980s (Figure 1.1), 
when it was also evident that the contribution of the marine capture fisheries, the 
resource base for the reduction industry, was exhibiting a declining trend over the 
years. On the other hand, the contribution to food fish supplies from aquaculture has 
continued to increase, the great bulk of the latter being from the Asia-Pacific region. 
Importantly, in the latter region, aquaculture production has overtaken that from 
capture fisheries (Figure 1.2). Perhaps the latter trend could become representative 
in other regions too in the near future, which is also indicative of the increasing pres-
sures that would occur for a shared resource required for such developments (i.e., fish 
meal and fish oil). 
1.4 FISH OIL PRODUCTION 
Fish oil is essentially a by-product of the processes that convert raw fish resources to 
fish meal, popularly referred to as a "reduction process" and the sector as the "reduc-
tion industry." Although many technological advances have taken place over the years 
to improve product quality of both fish meal and fish oil, primarily by minimizing 
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temperature-related protein denaturing and so forth, the essential elements of the 
reduction process have remained unchanged. 
In general, 100 kg of fresh-fish raw material, when subjected to reduction pro-
cesses, will yield on average 20 kg and 5 kg of fish meal and fish oil, respectively. 
The raw material subjected to reduction is principally what is referred to as "indus-
trial fish species," often found in temperate and subtropical oceans. Over the last few 
years, an average of 25 million metric tons of raw material, approximately 25% of 
the world's capture fisheries, has been used by the reduction industry. Needless to 
say, the utilization of this volume of raw material has been the subject of continued 
controversy, with the advocacy being that this raw material could and should be 
used for direct human consumption, particularly in the developing world (Tacon 
and Metian, 2009). It is expected that such controversy will continue to linger. The 
controversy has been further exacerbated by the revelation that a significant quantum 
of raw fish and fisheries products are also utilized by the pet food and fur animal 
production sectors, two sectors that do not lead to any food production for human 
consumption (De Silva and Turchini, 2008). 
The main species used by the reduction industry are the Peruvian anchovy 
(Engraulis ringens), mackerel (TrachuruslScomber spp.); sand eel (Ammodyte spp.), 
capelin (Mallotus spp.), menhaden (Brevoortia spp.), and to some extent herring 
(Clupea harrengus) and pollock (Pollachius spp.), of which the Peruvian anchovy 
is the species that is most dominant in the industry. All of these species and species 
groups are essentially pelagic and are "fatty fish," the latter being defined as those 
species that have a fat content of 8% or more. 
Global fish oil production has fluctuated significantly over the years 
(Figure 1.3). The peak production, at around 1.6 million metric tons, was in 
1987 and 1990, with lower peaks in 1998, 2002, and 2003. Since 2005, the pro-
duction of fish oil has been steadily declining and is currently less than a mil-
lion metric tons. Interestingly, the contribution to global production from South 
America, with Chile, Ecuador, and Peru predominating, continued to rise rather 
sharply, from roughly 20% in the 1980s to over 50% of the production in the new 
millennium (Figure 1.3). These trends are a clear indication of the volatility in 
fish oil production. The fluctuation in fish oil production is in essence a reflection 
of that of the raw material base. This is clearly seen from the data on four of the 
major species or species groups that are used in the reduction process globally 
(Figure 1.4). 
It is evident that even though global fish supplies have been relatively static, fish 
oil utilization has shown a significant increase over the years; needless to say, this 
increase has further exacerbated the controversies highlighted previously. On the 
other hand, the available data from two major European countries in the reduction 
industry (Figures 1.5 and 1.6) suggest that over the years there had in fact been a 
slight decline in raw material usage in the respective reduction industries. 
Fish oil as well as fish meal prices have fluctuated widely. Overall, the prices 
of both commodities have increased disproportionately in comparison to those of 
most other commodities, and the increases do not necessarily reffect the production 
volumes. In the period between March 2007 and March 2008, fish oil came close to 
doubling in price, jumping from US$894 to DS$1,700 per metric ton as a result of 
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a combination of static global supplies and growing market demand. In Figure 1.7, 
the trends in the prices of these two commodities over a 20-year period are depicted 
and compared with the wholesale price of black tiger prawn, the culture of which 
requires fish oil and fish meal in its feeds (Tacon and Metian, 2008). Interestingly, 
the wholesale price of the latter has declined over the years, unlike fish oil and fish 
meal, a general trend that is being encountered by most cultured commodities, which 
leads one to question the economic viability of these production systems in the long 
term, unless alternatives to fish oil and fish meal are found sooner rather than later. It 
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is now well recognized that aquaculture's current dependence on fish oil will dictate 
the sustainability and growth of the industry (Naylor et al., 2009). 
1.5 THE PHYSICAL AND CHEMICAL CHARACTERISTICS 
OF FISH OIL 
1.5.1 PHYSICAL 
Fish oils are known to vary considerably with respect to their physical properties. 
This variation is dependent on the dietary composition of the species utilized that, 
in turn, is heavily influenced by season. Like terrestrial oils, fish oils are subjected 
to a similar range of testing for the determination of their physical characteristics 
(Table 1.1). This ultimately provides an indication of quality and overall suitability for 
use in aquafeed manufacture. These tests include the evaluation of density, Refractive 
Index, saponification value, iodine value, unsaponifiable matter, acid number, and 
color. The density and Refractive Index of the fish oil provide insight into the purity 
and origin of the product; the acid value indicates the free fatty acid content; while 
the color of fish oil provides a good indicator of quality, with a strong orange color 
indicating an oil rich in natural antioxidants and tocopherols (Nesvadba, 2009). 
1.5.2 CHEMICAL 
Peruvian anchovy, sand eel, capelin, menhaden, herring, and pollock are all species 
that deposit their lipid reserves in varying concentrations throughout their flesh. As 
such, the oils derived from these species are commonly referred to as "fish body 
oil" and are subsequently rich in triacylglycerols (TAG), which comprise the major 
component of stored fats, generally contributing in excess of 90% of the total fatty 
acid composition. To a much lesser extent, fish body oils also contain small amounts 
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TABLE 1.1 
Physical Properties of Fish Oil Commonly Used in Aquafeed Production 
Anchovy Oil Herring Oil Menhaden Oil 
Density 0.9L4 0.923 0.928 
Refractive Index 1.4785 1.4755 1.4607 
Saponification value 206.2 179-195 185-200 
Iodine vaIue 180-200 115-160 150-200 
Unsaponifiable matter 1.4 2-3 0.6-1.6 
Acid number 2.4 3 2.5 
Source: Data compiled from Work et at. (1936), Ustiin et al. (1997), Brady et aI. (2002), 
Chakrabarty (2003), and Turchini et aI. (2009). 
of monoacylglycerols, diacylglycerols, free fatty acids, and phospholipids. The phos-
pholipid (PL) component is largely composed of phosphatidylcholine and phosphati-
dylethanolamine, which contribute in excess of 60%-70% and 30%-40% of total PL, 
respectively, with phosphatidylinositol and phosphatidylserine present in much lower 
concentrations. However, in comparison to TAG, PL in fish body oils are an order of 
magnitude lower with respect to their abundance (Haraldsson and Hjaltason, 2001). 
In consideration of the large contribution of TAG to the overall lipid class com-
position of the commercial fish oils used in aquafeed, the nutritional composition of 
fish oils is largely dictated by the fatty acid composition. Fish oils are typically char-
acterized by an array of fatty acids ranging in chain length from Cl2 to C24. However, 
the principal fatty acids present in greatest concentrations include 14:0, 16:0, 16:1n-7, 
18:1n-9, 20:5n-3, and 22:6n-3 (Table 1.2). Naturally, there are exceptions to this; for 
example, capelin, sand eel, mackerel, and herring oils, alongside other high-latitude, 
North Atlantic species, contain a greater proportion of monounsaturated fatty acids 
(MUFA) in comparison to the other fatty acid classes. In particular, these species 
have much higher proportions (> 5%) of 20:1n-9 and 22:1n-ll, which are derived 
from a diet rich in zooplankton (calanoid copepods and euphausiids) that contain an 
abundance of wax esters (Ackman, 2008). Therefore, the concentration of 20:1n-9 
and 22:1n-ll can prove useful when attempting to determine the origin of the fish 
oil. However, the fatty acid composition of individual fish oils varies considerably, 
influenced by factors including age, size, species, reproductive status, geographic 
location, and the time of the year when harvested. 
Fish oils are best known and highly regarded for their high proportions of n-3 
LC-PUFA. In comparison to oils of terrestrial origin, fish oils contain an abun-
dance of EPA (20:Sn-3) and DHA (22:6n-3). Peruvian anchovy (Engraulis ringens) 
can contain anywhere from 7.6 to 22.0% of EPA and 9.0-12.7% ofDHA (Table 1.2). 
The fatty acid composition of the Peruvian anchovy is also characterized by 
17.0%-19.4% of palmitic acid (16:0), 9.0%-13.0% of 16:1n-7, and 10.0%-22.0% 
of oleic acid (lS:ln-9). Capelin oil (Mallotus spp.) can contain from 6.1% to 8.0% 
EPA with levels of DHA ranging between 3.7% and 6.0%. Particularly apparent 
are the high concentrations of 20:1n-9 and 22:1n-ll in capelin oil that can amount 
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TABLE 1.2 
Fatty Acid Composition (%) of Fish Oils 
Commonly Used in Aquafeed Production 
Anchovy Herring Capelin Menhaden 
14:0 6.5-9.0 4.6-8.4 6.2-7.0 7.2-12.1 
16:0 17.0-19.4 10.1-18.6 10.0 15.3-25.6 
18:0 4.2 1.4 1.2 4.2 
16:1 9.0-13.0 6.2-12.0 10.0-14.3 9.3-15.8 
18:1n-9 10.0-22.0 9.7-25.2 14.0-15.0 8.3-13.8 
20:1 0.9-1.0 7.3-19.9 17.0 n.d.-1.0 
22:1 1.0-2.1 6.9-30.6 15.4 n.d.-l.4 
18:2n-6 2.8 0.1-0.6 0.7 0.7-2.8 
20:4n-6 0.1 <1 0.2 0.2 
18:3n-3 1.8 n.d.-2.0 0.2 0.8-2.3 
20:5n-3 7.6-22.0 3.9-15.2 6.1-8 11.1-16.3 
22:5n-3 1.6-2.0 0.8 0.6 2.0 
22:6n-3 9.0-12.7 2.0-7.8 3.7-6.0 4.6-13.8 
Source: Data compiled from Ackman (1976), Usttin et al. 
(1997), Gunstone et aL (1994), and Hertrampf and 
Piedad-Pascual (2000). 
to upward of 17.0% and 15.4%, respectively. Similarly, herring oil (Clupea har-
rengus) also contains high levels of zooplankton-derived 20:ln-9 and 22:ln-ll 
(7.3%-19.9% and 6.9%-30.6%, respectively) and levels of EPA and DHA ranging 
from 3.9% to 15.2% and from 2.0% to 7.8%, respectively. As the compositional 
data for the various fish oils suggest (Table 1.2), the concentration of EPA and 
DHA varies considerably not only between species but also within the species. It 
is accepted that when MUFA are present in fish oils in low concentrations, as is 
the case with Peruvian anchovy and menhaden oils, EPA and DHA will generally 
be present in greater abundance. 
Crude fish oils are naturally rich in fat-soluble vitamins A and D. While the levels 
of these two vitamins are found in much higher concentration in oils originating 
from fish livers, fish body oils do contain smaller (although relevant) quantities (Rice, 
2009). Vitamin A, also known as retinol, varies widely in concentration depending 
on its origin, with values of 3,000 mg/lOO g of fat in halibut liver oil, 18 mg/lOO g of 
fat in cod liver oil, and 0.3 mg/lOO g of fat in herring oil. Vitamin D is also present 
in fish oils with values of 0.21 mg/lOO g of fat in cod liver oil, 0.1 mg/lOO g of fat in 
sardines, and 0.03 mg/lOO g of fat in mackerel. 
Fish oils also contain small concentrations of dietary-derived vitamin E (tocoph-
erol, predominantly in the form of the (X-isomer), which plays an important role in 
the prevention of PUFA oxidation. The concentration of <x-tocopherol in menhaden 
oil is relatively low, at only 40 mg kg-1 of oil (Hamilton, 2009). On the other hand, 
the level present in herring oil is reportedly 3.5-fold greater than that of menhaden 
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oil (140 mg kg-1 of oil), while the oil extracted from the livers of Atlantic cod (Gadus 
morhua)-cod liver oil-contains 220 mg kg-1 oil, of which 90% is composed of 
a-tocopherol (Ackman, 1976). 
Sterols are generally present in relatively low concentrations and are largely domi-
nated by cholesterol. Cholesterol, a component of cell membranes, is present in fish 
oils as cholesteryl esters and free cholesterol, with free cholesterol contributing the 
main component of the unsaponifiable matter with concentrations ranging from 4.85 
to 7.66 mg g-l oil in herring, menhaden, and cod liver oils (Moffatt, 2009). Levels of 
cholesterol are more closely related to the total protein content of a species, and, there-
fore, fatty fish contain similar cholesterol concentrations to lean fish (Nettleton, 1995). 
1.5.3 CONTAMINANTS 
Alongside the host of naturally occurring chemicals found in fish oils, other chemicals 
with an anthropogenic origin may also be present in varying concentrations depending 
upon the source of the fish oil. Of greatest notoriety are the persistent organic pollut-
ants (POP), which consist of a wide range of lipophilic compounds including polychlo-
rinated biphenyls (PCB), organochlorine pesticides, polycyclic aromatic hydrocarbons, 
polybrominated diphenyl ethers, and dioxins. PCB present the greatest risk, in that they 
increase the incidence of cancer and affect reproductive viability in humans. These 
pollutants typically originate as a result of human industrial activity (plastics manu-
facture, heat exchange fluids, and electrical transformers), although some are derived 
from more natural processes such as forest fires (Bell et al., 2005a). In consideration of 
their lipophilic nature, POP bioaccumulate in the lipid component of fish tissues and 
subsequently persevere in extracted fish oil. As such, this issue has received negative 
attention of late with respect to the concentrations of POP in farmed Atlantic salmon 
(Salrno salar) (Hites et al., 2004). However, studies report that the POP levels in farmed 
Atlantic salmon are below the thresholds imposed by the World Health Organization 
and the European Food Safety Authority (Bell et al., 2005a, 2005b; Berntssen et al., 
2005; and see Chapter 11 for an in-depth overview of this topic). 
1.6 FISH OIL USAGE IN AQUACULTURE AND RELATED EFFICACIES 
Tacon and Metian (2008) have estimated that the aquaculture sector consumed 835,000 
metric tons of fish oil within industrially compounded aquafeeds in 2006, or 88.5% 
of the total estimated fish oil production for that year. The main species consumers in 
2006 were farmed salmon, marine finfish species, trout, and penaeid shrimp. Although 
it is not believed that the use of fish oils derived from small pelagic fish species will 
increase further (due to existing stock limits), it is believed that in the long term the 
aquaculture sector will use increasing amounts of fish oils derived from the aquacul-
ture by-product processing sector, such as salmon oil, catfish oil, and others. 
It is to be expected that the fish oil usage in aquaculture will not be uniform 
throughout the world, even though it is a globally traded commodity. The trends in 
usage of fish oil in aquaculture clearly indicate that the greatest use is in Europe, with 
a recent upsurge in South America (Figure 1.8), the latter being consequential to the 
development of salmonid culture, particularly in Chile (FAO, 2009b). From the view 
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of primary resource usage, and in the context of existing controversies on such mat-
ters, it is important to evaluate the overall production outcome, in this instance food 
fish production for human consumption, which is illustrated in Figure 1.9. 
It is clearly evident that the high use of fish oil does not necessarily bear an impact 
on human food production, which is lowest in Europe where the highest use of fish 
oil in aquaculture occurs. Although such trends indicate generalities, the specific 
situations on each of the continents differ in respect to potential species cultured, 
consumer needs, and the need to maintain and sustain ongoing aquaCUlture practices 
from economic and livelihood points of view. In another context or viewpoint, infor-
mation highlighted in the foregoing section should be used with caution in address-
ing the global concerns of the status of the reduction industry and the uses of the 
products thereof. 
1.7 SUSTAINABILITY OF FISH OIL SUPPLIES 
The sustainability of global fish oil supplies is likely to be impacted by two factors: 
one being geopolitical factors coming into play and the second being a reduction in 
raw material supplies, likely to be brought about by global climate change impacts. 
As a result of the global desire to fulfill the 2015 Millennium Development Goals 
(MDG), developed by the United Nations to respond to the world's key development 
challenges that foremost encompass poverty reduction and food security, it is possible 
that the global community may decide to place a cap on the amount of raw materials 
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that are used in the reduction industry. Such a cap, if introduced and accepted by the 
global community, could significantly curtail global fish oil supplies and directly 
impact the aquaculture sector, particularly the farming of high-value, high-trophic-
level marine species. While commercial aquaculture has been proactive with the 
uptake of research findings relative to the partial replacement of fish oil in feeds, a 
viable solution has yet to be realized. Greater emphasis should perhaps be placed on 
the adoption of suitable farm management practices to reduce the dependence on 
fish oil, or, despite the controversies, the possibilities of introducing appropriate gene 
technologies should be given further attention. The exploration of such avenues may 
cushion the overall impact that caps could have on the aquaculture sector. 
As stated earlier, the reduction industry is typically based on a few fast-growing, 
short-lived, productive stocks of pelagics in the subtropical and temperate regions. It 
has been predicted that the biological productivity ofthe North Atlantic will plummet 
50% and ocean productivity worldwide by 20% due to climate change (Schmittner, 
2005). Apart from the general loss in productivity and consequently its impact on 
capture fisheries, and hence the raw material available for reduction processes, there 
are other predicted impacts of climate change on fisheries. The most important of 
these is the predicted changes in ocean circulation patterns that, in turn, will result in 
the occurrence of EI Nifio-type influences being more frequent. The latter, in turn, 
will influence the stocks of small pelagics (e.g., Peruvian anchovy), as has occurred 
in the past. Pike and Barlow (2002) have documented the El Nifio influences on the 
Peruvian sardine and anchovy landings and consequently on global fish meal and 
fish oil supplies and prices. It has also been suggested that the changes in the North 
Atlantic Oscillation Winter Index (Schmittner, 2005), resulting in higher winter tem-
peratures, could influence sand eel recruitment. In essence, potential impacts of cli-
mate change on key stocks constituting a significant proportion of the raw material 
base for the reduction industry are a possibility. 
1.8 PREDICTING FISH OIL NEEDS AND AQUACULTURE: 
FACTS, ETHICS, POLITICS, AND REALITIES 
Fish, on average, provide 20% of global animal protein intake, the contribution of 
which is higher in developing countries, where food fish are often seen as a fresh, 
affordable source of animal protein. Overall, the aquaculture sector has grown from 
an art into a science, and is now the fastest growing primary food production sector, 
recording an average growth of 8% per year over the last two decades (FAO, 2009a; 
Subasinghe et al., 2009). Unlike the terrestrial livestock production sector, global 
aquaculture is based on a multiplicity of species belonging to a wide range of taxa, and 
is currently thought to include nearly 350 species and species groups (FAO, 2009a). 
Not all of the cultured species have to be provided with external feeds, most notably 
commodities such as aquatic plants and mollusks. On the other hand, of the finfish 
and crustacean species cultured, a significant proportion, particularly high-valued 
marine- and brackish-water carnivorous finfish species and crustaceans, have to be 
provided external nutrient sources. Nature's molding over millions of years of evolu-
tion has resulted in the loss of ability in marine, carnivorous fish species to desaturate 
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and elongate the two PUFA, linoleic (18:2n-6) and a-linolenic (18:3n-3) acids, to the 
biologically active and essential LC-PUFA. The implication is that such species, when 
farmed, have to be provided, externally and through the feed, the essential LC-PUFA 
such as EPA, DHA, and ARA (arachidonic acid, 20:4n-6), albeit to varying extents 
based on their specific requirements. Consequentially, such species are also one of 
the best biological sources of these fatty acids, which have been demonstrated to have 
multiple benefits in human nutrition (de Deckere et al., 1998; Horrocks and Yeo 1999). 
It is not surprising, therefore, that there is an increasing demand for such species, and 
their supply can only be met by aquaculture; indeed, farmed fish are a much desired 
nutritional alternative to other animal protein sources (Sargent and Tacon, 1999). 
Globally, it is generally accepted that all development, including food produc-
tion, has to be sustainable, and resource usage in such developments is of paramount 
importance. This strategy came into being with the worldwide endorsement of the 
Bruntland Report (United Nations Environment Programme, 1997) and the resultant 
global foray that embarked on the constitution of key structures with a global respon-
sibility. The latter was aptly termed the "scaffolding" for future global development 
and for fulfilling the MDG (Sachs, 2008). The fish oil story is related to all of this, 
especially so as it accounts for the use of 25% of a raw material that could be chan-
neled for meeting human food needs directly, as mentioned previously, an increasing 
bone of ethical contention that would need a global solution. 
In the new millennium, public attention has also focused heavily on global warm-
ing andlor climate change impacts on the planet, and, most importantly, its conse-
quences on food production. Aquaculture, currently accounting for 50% of global 
food fish supply, has to develop adaptive measures, not mitigative measures, to ensure 
that it continues to meet the increasing global food fish needs. De Silva and Davy 
(2009) divided developments in the aquaculture sector into five phases, each charac-
terized by key elements: aquaculture development, aquaculture growth, aquaculture 
environmental concerns, aquaculture food safety issues, and sustainable aquacul-
ture. This depiction implies increasing public demand in relation to the development 
of the aquaculture sector since it began to be a significant food fish provider, and 
places in context, indirectly, what the sector will be expected to comply with in rela-
tion to its dependence on fish oil. From a fish oil usage viewpoint and in the context 
of global concerns, attention will also have to be paid to the potential greenhouse gas 
emission cost in the production of farmed fish that would utilize fish oil, which in 
turn has multiple costs in this regard, including sourcing of the raw material; reduc-
tion; transportation to the feed mills, which are across oceans; and so forth. 
In conclusion, fish oil and its use in aquaculture are issues with a set of contra-
dictions in many ways. It involves the use of a somewhat static, if not dwindling, 
global biological resource that is perceived to have direct usage in combating global 
malnutrition, a millennium development goal endorsed by the global community. 
Essentially, this is an ethical issue that has no ready answer or solution. On the other 
hand, fish oil is required to farm marine and diadromous carnivorous fish species, 
the consumption of which imparts well-recognized human health benefits, albeit 
those affordable only to a select, n-3-imbalanced segment of the global popula-
tion. Equally, attention has to focus on the many livelihoods of fish farming and 
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the associated processing sectors, and the equation is not straightforward and gets 
further complicated when all the relevant factors are properly considered. 
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